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Abstract— Titanium Oxide films are deposited by pulse spray
pyrolysis (PSP) technique on glass substrates. Samples with
different thicknesses are prepared by keeping the substrate
temperature constant at 400°C while varying the spray time (30 -
90 min.). The crystal structure and phase are determined by
GAXRD. Dislocation density is deduced from calculation of grain
size obtained from the GAXRD. The energy gap, refractive
index, film thickness and porosity are calculated from the
transmittance spectra by adopting Swanepoel method. The
photoconductivity of the samples is calculated by measuring the
current before and after UV- illumination at constant voltage.
The dynamic response to UV of the samples is obtained, with
varying their thicknesses corresponding to On/ Off cycles of UV
lamp. The prepared samples may be have an energy gap which is
empty from inter-band states as inferred from the sharp
absorption edge in the transmittance spectra and sharp decay of
photocurrent in the dynamic response to UV illumination.

Keywords— Pulsed spray pyrolysis (PSP); thin film; titania
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.  INTRODUCTION

TiO2 is considered one of the interesting and promising
materials in the field of gas and photo sensors [1-6]. TiO: is
widely used in a variety of applications such as paints,
cosmetics, foodstuff and commonly used as an insulator in the
electronic industry, in virtue of its versatile properties such as
high refractive index, wide band gap of 3.2 eV and its high
resistive ability for chemical and physical impacts [7, 8] . TiO;
can be in one of three different crystal structures rutile,
anatase and brookite. The former two structures which are
most common belong to the tetragonal crystal system while
brookite belongs to the orthorhombic system. The anatase
phase shows the highest photocatalytic activity among the
other two phases because of its considerably large energy gap
[9, 10].

Synthesis of high performance titania UV- sensor films with
good structural integrity is an important aspect in the design of
high-efficiency UV- sensor reactors, ozone layer observation,
plume detection of the skyrockets and environmental purity
control [11-16]. TiO; in the form of thin film has been
prepared by several methods such as sputtering, spray
pyrolysis, sol-gel, pulsed laser deposition, chemical vapor
deposition ...etc [2,17-21].

The present study is intended to peruse the sensitivity of
nanocrystalline TiO, with varying film thicknesses, to UV

radiation prepared by low cost technique. The samples are
prepared by pulse spray pyrolysis technique (PSP) from
Tetratitanium isopropoxide (TTIP). Spray time at constant
substrate temperature is manipulated provided that the
deposited films have good adherence and homogenity.
Structural, optical and electrical properties are tested. Our
main study is focused on the samples sensitivity to UV
illumination. Static response at variable dc bias voltage and
dynamic response, (On/ Off) to UV lamp input-power, at
constant bias voltage is investigated.

II.  EXPERIMENTAL

Titanium oxide (TiO,) films are prepared by pulsed spray
pyrolysis (PSP) technique [21], since it is a simple, low cost
and could be used for industrial scale they existed in the
anatase phase only. PSP system with (On/ off- mode) keeps
the substrate temperature to a great extent constant which
improve the film / substrate adhesion, and allows enough time
for film growth. The spray parameters: nozzle / substrate
distance, flow rate of carrier gas (dry air), molarity of
materials, spray pulse frequency, and substrate temperature
are varied one at a time and are adjusted for values, until we
obtain best adherence, homogeneous and pin hole free films.
The system works automatically after feeding it with the
optimum values [21]. Titanium isopropoxide or TTIP (Ti
{OCH (CHs)2}4) is used as a precursor dissolved in a solution
of methyl alcohol and acetylacetonate (AcAc) as an attempt to
excavate the effect of the solvent on the prepared films,
although the common solvent reported in most publications is
ethanol with acids [22-25]. TTIP is mixed with AcAc and
stirred for 30 minutes to obtain a homogenous chelating
solution. Afterwards methyl alcohol is added to the previously
prepared solution and stirred for 1 h. The prepared spray
solution with molarity 0.2 M is sprayed on ultrasonically pre-
cleaned glass substrates at nozzle-substrate surface distance of
30 cm and substrate temperature 400°C. The spray time is
varied from 30 to 90 minutes while the air pump pulse
frequency is set at 1 sec. On / 5 sec. Off- mode. Each run is
repeated to ensure the reproducibility of the apparent feature
of the deposited film.

Grazing angle X-ray diffraction equipment (GAXRD - Diano
corroboration-USA equipment with Cu K, radiation of A=
1.514 A) is used to elucidate the nature of samples structure,
phase identifications and crystallite size. Double beam
spectrophotometer (JASCO- 670 UV — VIS — NIR) with
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wavelength range from 0.2 to 2.5 pum is used to measure
transmittance and reflectance spectra. The photocurrent effect
due to UV light is measured at room temperature with a setup
which consists of UV-lamp (A= 254 nm, power of 5 mW/cm?),
computerized interface multimeter (BK precession- Test
Bench 390 A) and dc- power supply designed for such
measurements.

I1l.  RESULTS AND DISCUSSION

A. Structural Analysis

XRD patterns of TiO, films deposited on glass substrates at
400°C for different spray times (30- 90 min.) are shown in
Fig. 1. The deposited films show peak reflections (101), (004),
(200), (105), (211), (204), (116), (220) and (215) which reflect
the polycrystalline nature of the deposited films. It is found
that the peaks are compatible with those listed in the standard
card, (JCPDS No. #21-1272). It is observed that the height and
number of the peaks increases progressively in sequence as
the film thickness increases. The intensity of the peaks has the
same sequence as those given in the reference file No. #21-
1272.The peak position has no observable shift with
increasing film thickness. The XRD patterns of the
investigated samples are totally empty from any peaks related
to any impurity or any other TiO, phases. This indicates that
the prepared films are the pure Anatase phase with tetragonal
crystalline structure and have strong preferred orientation
along the (101) direction. It is clear that, with increasing spray
time of the deposited TiO, films the characteristic peaks’
intensity of the anatase phase is progressively strengthened
which reflects the amelioration of both film crystallinity and
grain size.

] 90 min

Intensity (a.u.)

1 1 L 1 1 1 1

B. Crystallite Size And Internal Strain

Crystallite size and lattice strain are calculated for samples
which show more than one XRD peak by using Williamson-
Hall relation in Eq. (1) [26]:

3. cosO =i+g(sin 6’)
2 D 2 )

Where, A (1.5406A) is the wave length of X-rays, A is the full
width at half maximum (FWHM) in radian, € is micro strain,
D is grain size and 0 is the diffraction angle (degree). The
slope of the plot (B: cos 6/4) versus (sin 6/4) gives the value of
micro strain (¢) and the reciprocal of intercept on y-axis gives
the grain size (D) value. Dislocation density & is calculated
using the approach Williamson and Smallmann relation in Eq.
(2) [27]. The calculated values for both ¢ &D are given in

Table 1.
S =
}62 (2)

- TABLE 1: THICKNESS, CRYSTALLITE SIZE, DISLOCATION DENSITY,
STRAIN AND ENERGY GAP VALUES OF TIO, THIN FILM FOR
DIFFERENT SPRAY TIMES.

Spray Parameters
time Thickness Cr_ystallite D';L?;?tt;on Strain Band
) size (D) (1/D?) (nmY gap
(min.) (nm) (nm) 2 (%) (eV)
30 110 30.6 0.0011 0. 60 3.65
45 150 35.5 0.0008 0. 50 3.55
60 165 415 0.0006 0.42 3.35
70 167 43.3 0.0005 0.40 3.35
90 194 45.1 0.00049 0. 40 3.35

C. OPTICAL PROPERTIES

The transmittance (T) and reflectance (R) spectra of the
investigated samples, deposited at constant substrate

temperature 400°C and different spray time, ranging from 30
to 90 min. are shown in Fig.2.

20 -4
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20 (degree) 104/
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Fig. 1 XRD_ patterns of Tl(_)zthln _fllms erosned at 400°C 500 1000 1500 2000 2500
different sprav times (film thickness).
Wavelength,.
Fig. 2 Transmission spectra of TiO, thin films prepared at
constant deposition temperature (400°C) and different sprav
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These spectra are characterized by two salient features, sharp
absorption edge and interference fringes regardless the spray
time. However, films show high transmittance >85% which
slightly decrease with increasing the film thickness.
The Envelope method, adopted by Swanepoel method is used
[28], to calculate the film thickness for the deposited samples
from the transmission spectra give in Fig.2. The obtained
values are shown Table 1. Refractive index of the investigated
samples is calculated by using the equations given by
Swanepoel method [28]. The obtained value is found to be
2.03 in the wavelength range 0.6 to 2.5 um. It is clear that the
change in film thickness has no observable change on the
refractive index.
The band gap energy (Eg) is estimated by using Tauc’s
equation (eq.3) [29] which represents the relationship between
the incident photon energy (hv) and the absorption coefficient
(a):
(chv)=A(hv—-E )"
@)
Where A is a constant, Eg is the energy gap, hv is the photon
energy and n is a constant, (2 or %), for either indirect and
direct allowed transition respectively. The plot representing
(ahv)? vs. (hv) which is related to the direct energy gap is
shown in Fig.3. The straight line portion is extrapolated to
intersect the x axis at (ahv) =0.The intersection point gives the

energy gap.
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Fig. 3 Variation of (ahv)? with photon energy for TiO, films prepared at
different spray times.

The calculated values ranged from 3.35 to 3.65 eV, the energy
gap decreases with increasing spray time. The samples
deposited at short spray time (30 & 45 min.) have larger band
gap energy (3.65 eV) while those deposited at longer spray
time (60, 70 and 90 min.) have the same smaller band gap
energy (3.35 eV). This is likely due to quantum size effect,
accompanied with the decreased crystallite size which is in the
nanometer scale.

The porosity (P) is determined using the Lorenz-Lorentz

relation (eq.4) [30]:
2 2
F)(%)=1_n 1 ni+2

. *100
n°+2 n2-1

4)

Where ny is the refractive index of the pore-free anatase TiO;
(ny = 2.4918) [30] and n is the refractive index of the thin
films. The calculated value of porosity using the above
equation (by substituting the calculated value of sample
refractive index) is found to be 19%.

D. ELECTRICAL MEASUREMENTS

The deposited pure TiO; films on glass substrates have a high
resistance ranging from 50 MQ to 60 MQ as measured by
Keithly electrometer. This makes it a suitable candidate for
use as a good insulating material in many electronic
applications. This high resistance is probably attributed to the
presence of adsorbed oxygen. These states allow adsorption of
oxygen molecules at the TiO, film surface or at the grain
boundaries which extracts electrons giving rise to an increase
in the film resistivity. Since, the investigated samples are
prepared in no vacuum setup and the carrier gas is air, so, the
obtained films have great probability to adsorb oxygen.
Therefore, the investigated samples give higher resistance >50
MQ/ 3mm.

The 1-V measurements at room temperature (RT) for as-
deposited TiO: films deposited at 60, 70 and 90 minutes under
the UV illumination of A= 254 nm with power of SmW/cm?
and different applied DC voltage are plotted in Fig 4.The
incident photons energy from the used lamp is 4.88 eV which
is greater than the energy gap of the tested samples 3.65 eV.
As a result electron-hole pair generation is proceeded
producing excess free carriers. At certain applied bias voltage
these generated carriers are collected by the electrodes
inducing the measured photocurrent. The photocurrent shows
nearly linear relation with the applied voltage as shown in

3.0
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e 70 min. (167 nm)
¢ 90 min. (194 nm)
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Fig. 4 1-V characteristics measurements with different spray time (film
thickness) of TiO; layers.
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It is worth to note that the sample deposited at 60 min. spray
time, thinner film, has the greater photocurrent than the other
samples thicker films, deposited at 70 & 90 minutes. This
unexpected result may be due to the probable existence of
recombination centers such as imperfections and presence of
existing impurities which are in their lower level in thinner
than thicker samples. The samples deposited at 30 and 45
minutes have no response to the UV- light. This could be
attributed to both lower film thickness and the high adsorption
of oxygen on the film surface.

The effect of changing the incident UV intensity on the
photocurrent at constant applied voltage (30 volt) is
demonstrated in Fig.5. It is obvious that at the short distance
(1 cm) between the UV lamp and the sample surface all
sample, normally show the higher values of the photocurrent,
which decreases to its lower value at the longer distance. This
could be explained by the change in UV intensity according to
the basic inverse square law [1a 1/x?].
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Fig. 5. The effect of distance on the photocurrent intensity of TiO, samples

at 30 Volts.

The dynamic response is performed on TiO; film samples
deposited at 60 minutes, which give highest values of
photocurrent as seen in Fig.6a. To clarify the dynamic
response to the used UV illumination, the sample is exposed
to UV light [On (light)/ Off (dark)] cycles as shows in Fig. 6a.
The sample behavior is recorded directly by using (BK
precision Test Bench® 390A multimeter) connected to the
PC. The change in the sample photocurrent with exposure
time (50 seconds) at constant bias voltage (30 volts) is
recorded. The curves demonstrate gradual increase of
photocurrent until it attains steady state after 50 seconds. The
observed photocurrent steady state indicates the equilibrium
between generation and recombination of electron and holes
due to fixation of wavelength and intensity of incident UV
radiation.

After 50 sec. of attaining steady state photocurrent, the UV
lamp power is turned off then the current decay is traced as
shows in Fig.6b. The salient feature of On / Off plot is the
symmetry of photocurrent rise and decay which suggests that
the energy gap is nearly empty from the localized intermediate
states which impede the electron/ hole the recombination
process.

The sample response to UV illumination could be
functionalized by constructing a simple device for ease
discrimination between silica, fused silica glass lumps and
normal glass lumps.
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Fig. 6a. The recorded photocurrent response (On/Off cycles) for TiO,
measured at 20 volts.
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Fig. 6b. The photocurrent response (Off/On cycle).
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IV. CONCLUSIONS

Developed pulse- spray pyrolysis system is used to prepare
titanium dioxide films on glass substrates with different
thicknesses. The deposited TiO, samples are investigated by
XRD to elucidate their structure, present phases, particle size,
internal strain and dislocation density. Specular transmittance
and reflectance of the samples are measured by double beam
spectrophotometer via bare glass substrate and Al mirror as a
reference, the obtained spectra show interference fringes
regardless the sample thickness. Refractive index and film
thickness are calculated from the obtained spectra using the
method given by Swanepoel. The samples show sharp
absorption edge which shifts to the long wavelength for
thicker samples. The calculated energy gap from Tauc’s plots
is found to be 3.35 eV and 3.65 eV for thicker and thinned
samples respectively. The samples show high transmittance
>85%, low refractive index 2.03 and 19% porosity. A simple
setup is designed to measure the photocurrent of the samples
when exposed to UV illumination. Static response is
performed by exposing the samples to constant UV light and
varied biased voltage and measuring the photocurrent.

To clarify the nature of generation/ recombination process
dynamic response is carried out at constant bias voltage and
UV illumination while the UV lamp power switched on/ off
modes during fixed time period. The samples with low
thickness give higher photocurrent and linear response. The
energy gap of the samples is, to great extent, empty from
inter-band states as inferred from the transmittance spectra and
dynamic response to UV illumination.
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